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E-mail address: kamiyama@ist.aichi-pu.ac.jp (Y. KThe bandpass ﬁltering properties of a rod network were studied via computer simulations. Sinusoidal
current stimuli were applied to a single rod model to characterize its temporal ﬁltering properties. The
simulated frequency response revealed that a single rod behaves as a bandpass ﬁlter whose characteris-
tics are affected by the stimulus strength and frequency. We analyzed the contribution of individual ionic
currents to bandpass ﬁltering and found that the ﬁltering of small signals is largely regulated by the cal-
cium-dependent currents IK(Ca) and ICl(Ca), whereas the ﬁltering of large signals is regulated by the hyper-
polarization-activated current, Ih. Furthermore, rod network modeling by electrically interconnecting the
single rod models revealed that the acceleration of signals that spread laterally through the rod network
is attributed to IK(Ca) and not Ih.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
It is well known that the rod network in the retinae of lower
vertebrates behaves as a bandpass ﬁlter for electrical signals. In
the retinae of turtles and toads, it was found that the time to peak
of the response was shorter in rods present at a greater distance
from a slit of light (Detwiler, Hodgkin, & McNaughton, 1978; Torre
& Owen, 1983). In the retinae of tiger salamander, it was shown
that the voltage responses to square current injection became
more transient as they traveled through the rod network (Attwell
& Wilson, 1980).
Detwiler, Hodgkin, and McNaughton (1978), Detwiler, Hodgkin,
and MaNaughton (1980) explained such bandpass ﬁltering by
assuming that the rod membrane behaves like an inductor. As sug-
gested by them, if the potassium conductance of the membrane de-
creases with a delay in response to hyperpolarization, then the
membrane exhibits inductance-like characteristics. Attwell and
Wilson (1980) analyzed the membrane properties of rods and
showed that the voltage- and time-dependent current IA with
ﬁrst-order kinetics activated by hyperpolarization, which largely
corresponds to Ih in the present nomenclature, makes the response
more transient as it spreads laterally through the rod network.
Owen and Torre (1983) suggested that small signals are bandpass
ﬁltered because of the action of time-, voltage-, and calcium-
dependent potassium conductance. Their results also ruled out
the possibility that Ih is involved in the underlying mechanism of
the bandpass ﬁltering of small signals. In the early 1980s, the bio-ll rights reserved.
amiyama).physical details of ion channels in photoreceptors were largely un-
known; therefore, it was difﬁcult to explain the relationship
between the light response and the underlying ionic mechanism.
There is a need for further studies to understand the role of ionic
currents in bandpass ﬁltering.
Membrane ionic currents in photoreceptors have been analyzed
using the voltage-clamp and imaging techniques (Attwell, Werblin,
& Wilson, 1982; Bader, Bertrand, & Schwartz, 1982; Barnes & Hille,
1989; Corey, Dubinsky, & Schwartz, 1984; MacLeish & Nurse, 2007;
Maricq & Korenbrot, 1988; Thoreson, Stella, Bryson, Clements, &
Witkovsky, 2002). Three voltage-dependent currents, i.e., hyperpo-
larization-activated current (Ih), delayed-rectiﬁer current (IKv), and
L-type calcium current (ICa) have been identiﬁed in rods along with
two calcium-dependent currents, namely, calcium-activated chlo-
ride current (ICl(Ca)) and calcium-activated potassium current
(IK(Ca)). We have developed an ionic current model of rod photore-
ceptors based on these ﬁndings (Kamiyama, Ogura, & Usui, 1996).
In the present study, we expanded and improved this model to
simulate the light response of a rod network. We analyzed the
functional role of individual ionic currents in the bandpass ﬁltering
properties of rods via computer simulations.
A part of the results has been mentioned in the abstract (Kamiy-
ama et al., 2005a; Kamiyama et al., 2005b).2. Methods
The methods used for modeling rod photoreceptors were essen-
tially the same as those described previously (Kamiyama et al.,
1996; Kamiyama et al., 2005a; Kamiyama et al., 2005b). A parallel
conductance model was used to describe the electrical properties
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icantly and improved as compared to the previous model; the
model includes the following ionic currents: Ih, IKv, ICa, ICl(Ca), IK(Ca),
and IL (leakage current). A detailed description of this model is gi-
ven in Appendix A.
Rod photoreceptors are electrically coupled by gap junctions
(reviewed in Attwell, 1986), and each rod is coupled to about four
neighboring rods (Zhang & Wu, 2004). The gap current between
adjacent rods is voltage-independent and almost linear within
the physiological range (Zhang & Wu, 2005). The rod network is
modeled as a two-dimensional square array; however, if it is stim-
ulated by a slit of light, it can be modeled as a one-dimensional
network. If a rod photoreceptor is 10 lm in diameter, a network
model with 100 rods corresponds to a 1-mm rod syncytium, which
is considerably larger than the receptive ﬁeld size of rods (Copen-
hagen & Owen, 1980; Schwartz, 1976), but sufﬁciently large for
realistic modeling. On applying Kirchhoff’s law to each rod, we ob-
tained the following equations:
ð1ÞCmdVidt ¼
GgapðViþ1ViÞ IALL ði¼1Þ
GgapðVi1ViÞþGgapðViþ1ViÞ IALL ð1< i<100Þ
GgapðVi1ViÞ IALL ði¼100Þ
8><
>:
where Cm is the membrane capacitance (nF), Vi is the membrane po-
tential (mV) at the ith position, and Ggap is the gap junctional con-
ductance (nS) between neighboring rods. The system of
differential equations was solved using ode15s, the Matlab (Ver.6,
Mathworks) stiff systems numerical integrator, with a time resolu-
tion of 1 ms.3. Results
3.1. Simulated light responses of a single compartment of the rod
We use a mathematical model to investigate the dynamical
properties of a rod photoreceptor. In the present study, the single
rod model was improved as compared to the previous model
(Kamiyama et al., 1996) by adjusting certain parameters (see
Appendix A). In order to test the acceptability of the present model,
we conducted computer simulations on the single rod. Fig. 1 shows
the responses of the photocurrent, photovoltage, and ionic currents
to a series of light ﬂashes of increasing intensity. The voltage re-
sponses to the bright ﬂashes exhibited a characteristic initial tran-
sient and a subsequent smaller plateau. The voltage responses to
dim ﬂashes reached the peak value before the photocurrent re-
sponses. Since these results are in good agreement with the exper-
imental observations by Baylor, Matthews, and Nunn (1984), they
strongly support the feasibility of the model. We also conﬁrmed
that Ih shapes the initial transient in the voltage response (Kamiy-
ama et al., 1996).
3.2. Simulated frequency response of the rod model
The voltage response of the rods to light is determined by the
photocurrent in the outer segment, ionic currents in the inner seg-
ment, and current ﬂowing through the gap junctions. In order to
investigate the temporal ﬁltering properties of a single rod, we em-
ployed a linear analysis approach (Spekreijse & Norton, 1970) and
applied current stimuli modulated sinusoidally in time. Fig. 2 illus-
trates the simulated frequency response of the rod model. An
example of voltage responses evoked by sinusoidal current stimuli
is shown in Fig. 2a. The peak-to-peak voltage was divided by the
stimulus current amplitude, and we obtained frequency character-
istics ranging from 0.2 to 200 Hz in frequency and 1–500 pA in
stimulus strength (Fig. 2b). This value is termed the ‘‘gain,” and ithas unit impedance (mV/pA). The frequency response does not de-
pend only on the frequency but also on the strength of the current.
In Fig. 2c, the frequency responses to 1, 20, 30, 50, and 100 pA are
superimposed. The frequency response to 1 pA shows a steep peak
around 10 Hz, where the current induces a peak-to-peak mem-
brane potential of approximately 1 mV (Fig. 2a). The steep peak
gradually disappears as the strength of the current increases. The
frequency response to 100 pA is identical to that of a bandpass ﬁl-
ter with a center frequency of around 50 Hz, where the current in-
duced a peak-to-peak membrane potential of approximately
60 mV (Fig. 2a). These results clearly demonstrate that the single
rod behaves as a bandpass ﬁlter and that the ﬁlter characteristics
change in accordance with the response amplitude. This property
suggests that the rod has multiple bandpass ﬁltering mechanisms.
3.3. Effects of the ionic current dynamics on bandpass ﬁltering
We examined the role of each ionic current in order to identify a
possible biophysical mechanism of the bandpass ﬁlter. Fig. 3a
shows the voltage-clamp currents in response to step polarizations
from the resting membrane potential (approximately 36 mV) to
select voltages. The voltage-clamp pulse was applied at time 0.5 s
and terminated at time 3.5 s. The current–voltage (I–V) relation-
ship at 0.5, 1.0, 1.5, and 3.5 s is shown in Fig. 3b. All currents except
Iphoto and IL exhibited time-dependent changes during the voltage
steps. Iphoto and IL ﬂow as functions of voltage (refer to the equation
in Appendix A). ICl(Ca), IK(Ca), and Ih exhibited distinct time-depen-
dent changes in the I–V relationship. ICa and IKv exhibited fast
dynamics and almost reached the steady state 0.5 s after the volt-
age steps. This result suggests that ICl(Ca), IK(Ca), and Ih control the
time course of the light response of the rod. In order to examine
the manner in which each ionic current contributes to bandpass ﬁl-
tering, the frequency responses were simulated by changing the
model parameters associated with the current kinetics. Since the
calcium dynamics is the main factor inﬂuencing IK(Ca) and ICl(Ca),
calcium dependency was blocked in the model by maintaining a
constant calcium concentration [Ca]s. The gain at lower frequencies
increased when the calcium dependency of IK(Ca) was eliminated
(Fig. 4a), while it was slightly suppressed on eliminating the cal-
cium dependency of ICl(Ca). On eliminating the calcium dynamics
from both currents, the peaks around 10 Hz that were induced
by smaller current injection disappeared, and the proﬁle changed
to that of a low-pass ﬁlter; the proﬁle for higher frequencies, how-
ever, was unaffected (Fig. 4c). For voltage-gated currents, we elim-
inated the time-dependencies by multiplying the rate constants
with a constant factor—1000. The effects of IKv on the frequency
proﬁle (Fig. 4c) were insigniﬁcant. In contrast, Fig. 4e shows the ef-
fects of faster gating of Ih. The peaks around 50 Hz induced by lar-
ger current injection were ﬂattened, while the bandpass proﬁle for
smaller currents were almost unchanged. The bandpass character-
istics completely disappeared when [Ca]s was maintained constant
and when faster rate constants were used (Fig. 4f).
In summary, two calcium-dependent currents affect the band-
pass proﬁle at lower frequencies (0.2–2 Hz) for small signals
(V < 5 mV in amplitude), i.e., IK(Ca) is responsible for the bandpass
ﬁlter, while ICl(Ca) weakly counteracts the action of IK(Ca). In addi-
tion, Ih affects the proﬁle for higher frequencies (3–20 Hz) of large
signals. These results clearly show that the kinetics of ionic cur-
rents are important for producing bandpass ﬁltering at the single
rod.
3.4. Simulated responses to a slit of light
Detwiler et al. (1978, 1980) observed that when a slit of light
was ﬂashed on the rod network, the time to peak of the voltage re-
sponse was shortened as the signal propagates laterally. In order to
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kinetics, we simulated the effect of ﬂashing a slit of light on the rod
network. In the control condition, the model generated responses
highly similar to those measured experimentally (Fig. 5a). The time
to peak reduced in the more distant rods. This phenomenon is a
consequence of the fact that a single rod itself behaves as a band-
pass ﬁlter. Because the rods are electrically connected, the voltage
response initiated in the stimulated rod induces current ﬂow be-
tween rods, and therefore, the voltage response generated in the
neighboring rod is bandpass ﬁltered. This process continues suc-0 2 4 6 8 10
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In the present study, we analyzed the underlying mechanisms
of a rod photoreceptor that behaves as a bandpass ﬁlter. The major
discovery was that the kinetics of the ionic currents, IK(Ca), ICl(Ca),
and Ih characterize the bandpass ﬁltering of rod signals.
In the previous studies, the bandpass ﬁltering properties had
been attributed to an inductance element (Detwiler et al., 1978),a hyperpolarization-activated current (Armstrong-Gold & Rieke,
2003; Attwell & Wilson, 1980; Demontis, Longoni, Barcaro, & Cerv-
etto, 1999; Mao, MacLeish, & Victor, 2003), or a potassium conduc-
tance activated by calcium ions (Owen & Torre, 1983). These
discrepancies were considered to be attributed to the range of volt-
age analyzed (Beech & Barnes, 1989). While Ih contributes to the
bandpass dynamics in the rods, the current is mainly activated
by large hyperpolarization and it shapes the initial transient for
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974 Y. Kamiyama et al. / Vision Research 49 (2009) 970–978bright ﬂashes, as shown in Fig. 1. The driving force for Ih is small
near the resting membrane potential, causing less current ﬂow
for small signals. In contrast, IK(Ca) plays a major role in the small
response range. Small hyperpolarizations from the resting poten-
tial slowly decrease the outward current ﬂow, which in turn cause
the response transient due to the negative feedback effect.In order to identify the functional role of a particular ion chan-
nel, pharmacological manipulations, such as blocking the ion chan-
nels, have been widely used both in electrophysiological
experiments and in computer simulations. These conventional
techniques mostly change the voltage-dependent characteristics
of the ionic current. However, if the resting membrane potential
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the ionic current, it is not easy to understand the behavior of the
current in the normal operating condition. This was the case in
the present study. The membrane potential of the rod in the resting
dark condition is controlled by balancing multiple ionic currents. In
order to assess the function of each current, it is essential to
manipulate the rate constants to analyze the effect of the time
dependency of the ionic current on the response dynamics. This
type of analysis is successful and is validated with a realistic model
based on the ionic current mechanisms.
In the present study, we modeled the rod as two functional
parts, namely, the outer and inner segments. The quantitative
model designed by Forti, Menini, Rispoli, and Torre (1989) was
used to achieve the phototransduction mechanism in the outer
segment, which includes the Ca ﬂow via the cGMP-gated channels
in the outer segment. The outer segment was used as a current
source in the parallel conductance model, and the spatial distribu-
tion of ion channels within the rod photoreceptor was not consid-
ered. Our model reproduced the voltage- and current-clamp
responses of the isolated photoreceptor reasonably well and was
used to determine the light response properties of a single rod
(Kamiyama et al., 1996, and Fig. 4). However, MacLeish and Nurse
(2007) have recently analyzed the spatial distribution of ion chan-
nels in isolated rods and demonstrated that ICl(Ca) ﬂows exclusively
through the synaptic terminal. They also suggested that other cur-
rents such as IK(Ca), IKv, and Ih mainly ﬂow through the soma and/or
the inner segment. Although the present model can account for
many features of the rod observed experimentally, we still need
to develop a more realistic model of the rod such as a multicom-
partmental model on the basis of these new ﬁndings.Acknowledgments
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Appendix A. Mathematical description of a single compartment
of the rod
Membrane potential (V [mV])
IALL ¼ Iphoto þ Ih þ IKv þ ICa þ IClðCaÞ þ IKðCaÞ þ IL þ Iex þ Iex2
Cm
dV
dt
¼ IALLðVð0Þ ¼ 36:186Þ
Cm ¼ 0:02 nF
Photocurrent (Iphoto [pA]) (Baylor & Nunn, 1986; Forti et al.,
1989)
dRh
dt
¼ Jhm  a1  Rhþ a2  Rhi ðRhð0Þ ¼ 0Þ
dRhi
dt
¼ a1  Rh ða2 þ a3Þ  Rhi ðRhið0Þ ¼ 0Þ
dTr
dt
¼ e  Rh  ðTtot  TrÞ  b1  Tr þ s2  PDE s1  Tr  ðPDEtot  PDEÞ
ðTrð0Þ ¼ 0Þ
dPDE
dt
¼ s1  Tr  ðPDEtot  PDEÞ  s2  PDE ðPDEð0Þ ¼ 0Þ
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Fig. 5. Simulated responses to a slit of light. Responses of the rod to 20 ms ﬂashes, which were applied at time 1 s to the rod (i = 1). Jhm = 1 (a, c) or 0.5 (b) Rh/s. The time to
peak was measured as the time difference from the stimulated rod. Ggap = 10 nS. (a) Control, (b) without calcium dynamics, and (c) without Ih dynamics.
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dt
¼ b  J  cCa  ðCa C0Þ  k1  ðeT  CabÞ  Caþ k2  Cab
ðCað0Þ ¼ 0:3Þ
dCab
dt
¼ k1  ðeT  CabÞ  Ca k2  Cab ðCabð0Þ ¼ 34:88ÞdcGMP
dt
¼ Amax
1:0þ ðCa=KcÞ4
 cGMP  ðV þ r  PDEÞ ðcGMPð0Þ ¼ 2:0Þ
J ¼ Jmax  ðcGMPÞ
3
ðcGMP3 þ 103Þ
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  
a1 ¼ 50 s1; a2 ¼ 0:0003 s1; a3 ¼ 0:03 s1; e ¼ 0:5 s1 lM1;
Ttot ¼ 1000 lM; b1 ¼ 2:5 s1; s1 ¼ 0:2 s1 lM1; s2 ¼ 5 s1;
PDEtot ¼ 100; cCa ¼ 50 s1; C0 ¼ 0:1 lM; b ¼ 0:25 lM s1 pA1;
k1 ¼ 0:2 s1 lM1; k2 ¼ 0:8 s1; eT ¼ 500 lM; V ¼ 0:4 s1;
Kc ¼ 0:1; Amax ¼ 65:6lMs1; r¼ 1:0 s1 lM1; Jmax ¼ 5040 pA
Hyperpolarization-activated current (Ih [pA])
ah ¼ 8exp Vþ7814
 þ 1 ; bh ¼
18
exp  Vþ819
 þ 1
d
dt
C1
C2
O1
O2
O3
2
6666664
3
7777775
¼
4ah bh 0 0 0
4ah ð3ahþbhÞ 2bh 0 0
0 3ah ð2ahþ2bhÞ 3bh 0
0 0 2ah ðahþ3bhÞ 4bh
0 0 0 ah 4bh
2
6666664
3
7777775

C1
C2
O1
O2
O3
2
6666664
3
7777775
ðC1ð0Þ¼0:646; C2ð0Þ¼0:298; O1ð0Þ¼0:0517;
O2ð0Þ¼0:00398; O3ð0Þ¼0:000115Þ
Ih ¼ gh  ðO1þO2þO3ÞðVEhÞ
gh ¼3:0nS; Eh ¼32mV
Delayed rectiﬁer current (IKv [pA])
amKv ¼ 5ð100 VÞexp 100V42
  1 ; bmKv ¼ 9exp 
V  20
40
 
ahKv ¼ 0:15 exp  V22
 
; bhKv ¼
0:4125
exp 10V7
 þ 1
dmKv
dt
¼ amKv  ð1mKvÞ  bmKv mKvðmKvð0Þ ¼ 0:430Þ
dhKv
dt
¼ ahKv  ð1 hKvÞ  bhKv  hKvðhKvð0Þ ¼ 0:999Þ
IKv ¼ gKv m3Kv  hKv  ðV  EKÞ
gKv ¼ 2:0 nS; EK ¼ 74 mV
Calcium current (ICa [pA])
amCa ¼ 3ð80 VÞexp 80V25
  1 ; bmCa ¼
10
1þ exp Vþ387
  ; hCa ¼ exp
40V
18
 
1þ exp 40V18
 
dmCa
dt
¼ amCa  ð1mCaÞ  bmCa mCaðmCað0Þ ¼ 0:436Þ
ICa ¼ gCa m4Ca  hCa  ðV  ECaÞ
gCa ¼ 0:7 nS; ECa ¼ 12:5 log ½Cas½Cao
 
; ½Cao ¼ 1600 lM
Calcium-activated chloride current (ICl(Ca) [pA])
mCl ¼ 1
1þ exp 0:37½Cas0:09
 
IClðCaÞ ¼ gCl mCl  ðV  EClÞ
gCl ¼ 2:0 nS; ECl ¼ 20 mVCalcium-activated potassium current (IK(Ca) [pA])
amKCa ¼ 15ð80 VÞexp 80V40
  1 ; bmKCa ¼ 20 exp 
V
35
 
dmKCa
dt
¼ amKCa  ð1mKCaÞ  bmKCa mKCaðmKCað0Þ ¼ 0:642Þ
mKCas ¼
½Cas
½Cas þ 0:3
IKCa ¼ gKCa m2KCa mKCas  ðV  EKÞ
gKCa ¼ 5:0 nS; EK ¼ 74 mV
Leakage current (IL [pA])
IL ¼ gL  ðV  ELÞ
gL ¼ 0:35 nS; EL ¼ 77 mV
Intracellular calcium system ([Ca]s [lM])
d½Cas
dt
¼ ICaþ Iexþ Iex2
2F V1 10
6DCa S1d V1 ð½Cas½Caf Þ
Lb1½CasðBL½CablsÞþLb2½Cabls
Hb1½CasðBH½CabhsÞþHb2½Cabhsð½Casð0Þ¼0:0966Þ
d½Caf
dt
¼DCa S1d V2 ð½Cas½Caf ÞLb1½Caf ðBL½Cablf ÞþLb2½Cablf
Hb1½Caf ðBH½Cabhf ÞþHb2½Cabhf ð½Caf ð0Þ¼0:0966Þ
d½Cabls
dt
¼ Lb1½CasðBL½CablsÞLb2½Cablsð½Cablsð0Þ¼80:929Þ
d½Cabhs
dt
¼Hb1½CasðBH½CabhsÞHb2½Cabhsð½Cabhsð0Þ¼29:068Þ
d½Cablf
dt
¼ Lb1½Caf ðBL½Cablf ÞLb2½Cablf ð½Cablf ð0Þ¼80:929Þ
d½Cabhf
dt
¼Hb1½Caf ðBH½Cabhf ÞHb2½Cabhf ð½Cabhf ð0Þ¼29:068Þ
Iex¼ Jex exp 
Vþ14
70
  ½CasCae
½CasCaeþKex
; Iex2¼ Jex2
½CasCae
½CasCaeþKex2
F¼9:648104 Cmol1; V1 ¼3:8121013 dm3;
V2 ¼5:2361013 dm3; DCa ¼6108 dm2 s1;
d¼3105 dm; S1 ¼3:142108 dm2; Lb1 ¼0:4s1 lM1;
Lb2 ¼0:2s1; Hb1 ¼100s1 lM1; Hb2 ¼90s1;
BL ¼500lM; BH ¼300lM; Jex¼20pA; Jex2¼20pA;
Kex ¼2:3lM; Kex2¼0:5lM; Cae¼0:01lMReferences
Armstrong-Gold, C. E., & Rieke, F. (2003). Bandpass ﬁltering at the rod to second-
order cell synapse in salamander (Ambystoma tigrinum) retina. The Journal of
Neuroscience, 23(9), 3796–3806.
Attwell, D. (1986). Ion channels and signal processing in the outer retina. Quarterly
Journal of Experimental Physiology, 71, 497–536.
Attwell, D., Werblin, F. S., & Wilson, M. (1982). The properties of single cones
isolated from the tiger salamander retina. Journal of Physiology, 328, 259–
283.
Attwell, D., & Wilson, M. (1980). Behaviour of the rod network in the tiger
salamander retina mediated by membrane properties of individual rods. Journal
of Physiology, 309, 287–315.
Bader, C. R., Bertrand, D., & Schwartz, E. A. (1982). Voltage-activated and calcium-
activated currents studied in solitary rod inner segments from the salamander
retina. Journal of Physiology, 331, 253–284.
Barnes, S., & Hille, B. (1989). Ionic channels of the inner segment of tiger salamander
cone photoreceptors. Journal of General Physiology, 94, 719–743.
Baylor, D. A., Matthews, G., & Nunn, B. J. (1984). Location and function of voltage-
sensitive conductances in retinal rods of the salamander, Ambystoma tigrinum.
Journal of Physiology, 354, 203–223.
Baylor, D. A., & Nunn, B. J. (1986). Electrical properties of the light-sensitive
conductance of rods of the salamander Ambystoma tigrinum. Journal of
Physiology, 371, 115–145.
Beech, D. J., & Barnes, S. (1989). Characterization of a voltage-gated K+ channel that
accelerates the rod response to dim light. Neuron, 3, 573–581.
978 Y. Kamiyama et al. / Vision Research 49 (2009) 970–978Copenhagen, D. R., & Owen, W. G. (1980). Current–voltage relations in the rod
photoreceptor network of the turtle retina. Journal of Physiology, 308,
159–184.
Corey, D. P., Dubinsky, J. M., & Schwartz, E. A. (1984). The calcium current in inner
segments of rods from the salamander (Ambystoma tigrinum) retina. Journal of
Physiology, 354, 557–575.
Demontis, G. C., Longoni, B., Barcaro, U., & Cervetto, L. (1999). Properties and
functional roles of hyperpolarization-gated currents in guinea-pig retinal rods.
Journal of Physiology, 515.3, 813–828.
Detwiler, P. B., Hodgkin, A. L., & McNaughton, P. A. (1980). Temporal and spatial
characteristics of the voltage response of rods in the retina of the snapping
turtle. Journal of Physiology, 300, 213–250.
Detwiler, P. B., Hodgkin, A. L., & McNaughton, P. A. (1978). A surprising property of
electrical spread in the network of rods in the turtle’s retina. Nature, 274,
562–565.
Forti, S., Menini, A., Rispoli, G., & Torre, V. (1989). Kinetics of phototransduction
in retinal rods of the newt Triturus cristatus. Journal of Physiology, 419,
265–295.
Kamiyama, Y., Ishihara, A., Aoyama, T., & Usui, S. (2005a). Simulation analyses of
retinal cell responses. In G. N. Reeke, R. R. Poznanski, K. A. Lindsay, J. R.
Rosenberg, & O. Sporns (Eds.),Modeling in the neurosciences (pp. 313–338). CRC,
Taylor & Francis.
Kamiyama, Y., Aoyama, T., Usui, S., Zhang, J., & Wu, S. M. (2005b). Simulation
analysis of the spatio-temporal ﬁltering properties of the rod network by the
ionic current model. ARVO 2005 annual meeting, 4542.
Kamiyama, Y., Ogura, T., & Usui, S. (1996). Ionic current model of the vertebrate rod
photoreceptor. Vision Research, 36(24), 4059–4068.MacLeish, P. R., & Nurse, C. A. (2007). Ion channel compartments in photoreceptors:
Evidence from salamander rods with intact and ablated terminal. Journal of
Neurophysiology, 98, 86–95.
Mao, B.-Q., MacLeish, P. R., & Victor, J. D. (2003). Role of hyperpolarization-activated
currents for the intrinsic dynamics of isolated retinal neurons. Biophysical
Journal, 84, 2756–2767.
Maricq, A. V., & Korenbrot, J. I. (1988). Calcium and calcium-dependent chloride
currents generate action potentials in solitary cone photoreceptors. Neuron, 1,
503–515.
Owen, W. G., & Torre, V. (1983). High-pass ﬁltering of small signals by retinal rods.
Ionic studies. Biophysical Journal, 41, 325–339.
Schwartz, E. A. (1976). Electrical properties of the rod syncytium in the retina of the
turtle. Journal of Physiology, 257, 379–406.
Spekreijse, H., & Norton, A. L. (1970). The dynamics characteristics of color-coded S-
potentials. The Journal of General Physiology, 56, 1–15.
Thoreson, W. B., Stella, S. L., Bryson, E. J., Clements, J., & Witkovsky, P. (2002). D2-
like dopamine receptors promote interactions between calcium and chloride
channels that diminish rod synaptic transfer in the salamander retina. Visual
Neuroscience, 19, 235–247.
Torre, V., &Owen,W.G. (1983). High-passﬁltering of small signals by the rodnetwork
in the retina of the toad, bufo marinus. Biophysical Journal, 41, 305–324.
Zhang, J., & Wu, S. M. (2004). Connexin35/36 gap junction proteins are expressed in
photoreceptors of the tiger salamander retina. The Journal of Comparative
Neurology, 470, 1–12.
Zhang, J., & Wu, S. M. (2005). Physiological properties of rod photoreceptor
electrical coupling in the tiger salamander retina. The Journal of Physiology, 564,
849–862.
